We investigated whether auditory deprivation and/or sign language exposure during development alters the macroscopic neuroanatomy of the human insula. Volumetric analyses were based on MRI data from 25 congenitally deaf subjects who were native users of American Sign Language (ASL), 25 hearing subjects with no knowledge of ASL, and 16 hearing subjects who grew up in deaf families and were native ASL signers. Significant variation in insula volume was associated with both hearing status and sign language experience. Compared with both hearing groups, deaf subjects exhibited a significant increase in the amount of gray matter in the left posterior insular lobule, which we hypothesize may be related to the dependence on lip-reading and articulatory-based (rather than auditory-based) representations of speech for deaf individuals. Both deaf and hearing signers exhibited an increased volume of white matter in the right insula compared with hearing nonsigners. We hypothesize that the distinct morphology of the right insula for ASL signers may arise from enhanced connectivity resulting from an increased reliance on cross-modal sensory integration in sign language compared with spoken language.
Introduction
The insula has an important integrative role in cortical circuitry and extensive afferent and efferent connections to a wide range of cortical and limbic areas (Augustine, 1996) . It is involved in cognitive, emotional, autonomic, and sensory processes (Shelley and Trimble, 2004) . The insula is parcellated into two portions by the central insular sulcus; the anterior portion consists of three "short" gyri, whereas the posterior comprises two "long" gyri (Türe et al., 1999) . Cytoarchitectonically, the insula is divided into three sectors. The rostroventral insula consists of agranular cortex, the posterior insula is made up of granular cortex, and between these two sectors, there is a transitional dysgranular sector continuous with the agranular cortex (Mesulam and Mufson, 1982a; Flynn et al., 1999) . Each sector has extensive connections with the frontal, temporal, and parietal lobes and the cingulate gyrus (Mesulam and Mufson, 1982b; Mufson and Mesulam, 1982) . The insula is implicated in auditory processing and motor aspects of speech among other functions (Bamiou et al., 2003) .
Neurocognitive studies of deaf and hearing individuals who are native users of American Sign Language (ASL) provide us with a unique perspective on how the environment influences the structurofunctional anatomy of the brain (Emmorey et al., 2003) .
Such investigations are taking on added importance as the plasticity of cortical networks is becoming increasingly evident (e.g., Majewska and Sur, 2006) . In this study, we use high resolution magnetic resonance imaging to measure gray and white matter volumes of the insula in hearing and congenitally deaf ASL signers and in hearing nonsigners. There is both functional and structural evidence that supports the hypothesis that hearing status and/or experience with a spoken or signed language can affect the anatomy of the insula. The insula has extensive connections with primary and secondary auditory regions of the temporal lobe and to the speech areas of the frontal lobe (Shelley and Trimble, 2004) . Lesion studies show that the anterior insula is important for speech articulation and motor planning (Dronkers, 1996; Ackermann and Riecker, 2004) . Functional imaging indicates that the posterior insula is important in the auditory processing of speech; the insula may integrate different neural networks involved in speech production and perception (Noesselt et al., 2003) . Sign language in deaf individuals activates both classical language areas and other regions including the posterior insula (Kassubek et al., 2004) . Given auditory deprivation and differential experience with spoken language for deaf persons, we predict that differences in insular anatomy may arise between deaf and hearing individuals.
Many cortical regions play a role in multisensory integration (Driver and Noesselt, 2008) , and functional imaging studies suggest that the insula/claustrum region is particularly important in cross-modal integration of conceptually related but sensorily independent stimuli (audiovisual or tactile-visual) (Hadjikhani and Roland, 1998; Banati et al., 2000; Bischoff et al., 2007; Naghavi et al., 2007) . Sign language is a skill that involves tactile-visual integration, particularly when monitoring language output (Emmorey et al., 2008a,b) . Speakers auditorily monitor their language output, but signers do not look directly at their hands and must integrate proprioceptive and tactile sensory information with visual input from the periphery of vision to monitor their language output. We therefore predict that insular morphology may vary according to sign language experience, regardless of hearing status.
Materials and Methods
Subjects. Subjects were 25 congenitally deaf individuals who were native ASL signers (14 women and 11 men, average age 23.8 years, SD 4.1, range 19 -38), 25 hearing individuals with no knowledge of ASL (14 women and 11 men, average age 28.5 years, SD 4.5, range 22-39), and 16 hearing individuals who acquired ASL from their deaf parents (10 women and 6 men, average age 24.3 years, SD 4.4, range 19 -38). Although the hearing nonsigners are slightly older than the other two groups, age should not be a significant contributor to variation in insular anatomy among these groups (Allen et al., 2005a,b) . These hearing signers acquired expertise in ASL as children, concurrently with their acquisition of spoken language. The hearing nonsigners were monolingual English speakers with no history of hearing disorder. All subjects were right-handed, with scores on the Oldfield-Geschwind Handedness Inventory above ϩ90 (maximum right-handed score ϩ100). All subjects were healthy with no history of neurological or psychiatric illness. Twenty-one deaf subjects exhibited profound hearing loss (Ͼ90 dB in the better ear), three subjects had severe hearing loss (Ͼ75 dB in the better ear), and one subject had moderately severe hearing loss (Ͼ55 dB in the better ear). Data on early hearing aid use was available for 17 deaf subjects. None used a hearing aid consistently before the age of 2. Eleven were required to wear hearing aids at school, but only two also wore hearing aids at home, and six subjects did not wear hearing aids at home or at school. All deaf subjects were congenitally deaf and were born to deaf parents, and ASL was their primary and first language. All subjects gave informed consent in accordance with institutional and federal rules.
MR image acquisition. Thin cut MR images were obtained in a GE Signa scanner operating at 1.5 T by using the following protocol: SPGR/ 50, TR 24, TE 7, NEX 1 matrix 256 ϫ 192, FOV 24 cm. We obtained 124 contiguous coronal slices, 1.5 or 1.6 mm thick and interpixel distance 0.94 mm. Three individual 1NEX SPGR datasets were obtained for each subject during each imaging session. These were coregistered and averaged post hoc using Automated Image Registration (AIR 3.03, UCLA) (Woods et al., 1992; Holmes et al., 1998) .
MR image analysis [3D reconstructions and volume determinations from regions of interest (ROIs)] were conducted using Brainvox (Frank et al., 1997) , an interactive family of programs designed to reconstruct, segment, and measure brains from MR acquired images. An automated program, extensively validated against human experts (Grabowski et al., 2000) , was used to segment the images into the three primary tissue types (white, gray, cerebral spinal fluid). Before tracing ROIs, brains were realigned (but not resized) along a plane running through the anterior and posterior commissures (i.e., the AC-PC line); this ensured that coronal slices in all subjects were perpendicular to a uniformly and anatomically defined axis of the brain.
Regions of interest. ROIs were traced by hand on contiguous coronal slices of the brain. Insula and cerebral hemisphere ROIs were traced as described previously see Allen et al., 2005b , for insula reliability statistics). In brief, the insula is defined laterally by the circular sulcus and mesially by an arbitrary line linking the deepest extents of the two ends of the circular sulcus. If the claustrum interrupts this arbitrary line, it is edited out of the insula ROI. Thus the gray matter volume of the insula includes only insular cortex. The white matter volume includes all of the white matter between the claustrum and the insular cortex, corresponding approximately to the extreme capsule. The parcellation of the insula into the anterior and posterior insular lobules was done in a manner similar to that described by Makris et al. (2006) . The central sulcus of the insula (CeSI) was used to divide the insula into its anterior and posterior parts. The CeSI was identified and marked on contiguous coronal and parasagittal slices of the brain through the insular region; the marked CeSI was then used to divide traced whole insula ROIs into anterior and posterior lobules. The division of the insula was confirmed by examining 3-D reconstructions of the anterior and posterior lobule ROIs (Fig. 1) .
Data analysis. Statistical analyses were performed using SPSS 9.0.0 for Windows. Univariate ANOVA and Bonferroni-corrected t tests were used to compare group means. Hemispheric asymmetries were examined with pairwise t tests and a conventional asymmetry index
Results

Volumes and proportions
The gray and white matter volumes of total insula and the anterior and posterior insular lobules are presented in Table 1 . No group comparisons for these raw volumes are presented because the subject groups are not sex-matched, and there may be overall differences in brain size that could influence insula volume differences. Group differences are therefore examined using sizecorrected or size-neutral measures.
In Table 2 , volume proportions of the insula are presented; the proportions consist of gray or white matter insula volume di- vided by the hemisphere gray or white matter volume. Two patterns emerge here. First, for the gray volume proportion parcellation, there is only one significant difference: the deaf signers have significantly more gray matter in the left posterior lobule than either of the hearing groups (Fig. 1 A) . Second, for the white matter proportions, both the deaf and hearing signers have significantly more white matter in the right insula as a whole than the hearing nonsigners (Fig. 1 B) . This difference is significant for the deaf signers in both the anterior and posterior lobules; for the hearing signers the difference is significant for the posterior lobule, with a similar trend for the anterior lobule ( p ϭ 0.096).
Gray matter/white matter ratios
In Table 3 , gray matter/white matter (GM/WM) ratios are presented for the whole insula and the anterior and posterior lobules. Two results stand out. First, for all subject groups and regions, the G/W ratio is much higher for the left insula than for the right (Fig.  2 , Table 1 ); this is generally a result of having less white matter on the left side compared with the right, although there are group differences present within this overall trend (see following section). For the left posterior lobule, there is a significant difference between the hearing nonsigners and the hearing signers. Second, the increase in white matter in the right insula of the deaf and hearing signers reported in Table 2 and Figure 1 B is manifest in the consistently lower G/W ratios in the right insula for these subjects compared with the hearing nonsigners.
Asymmetry index
The asymmetry results are presented in Table 4 . For the whole insula GM, there are significant differences between the hearing subjects and the deaf and hearing signers (Fig. 3A) , with the hearing subjects being essentially symmetrical and the deaf and hearing signing subjects being moderately leftwardly asymmetric. However, the parcellation indicates that the anterior and posterior lobules have some different asymmetry patterns. For the anterior lobules, all subject groups have a rightward asymmetry, although this is more pronounced in the deaf and hearing signers. For the posterior lobule, the deaf signers are differentiated from the other two groups by having a leftward as opposed to rightward asymmetry. This again relates to the fact that the deaf signers have an increase in GM volume relative to the other two groups (Table 2) .
For the WM, all subject groups have a pronounced rightward asymmetry. Compared with the hearing subjects, the rightward asymmetry is more pronounced in the deaf, especially the anterior lobule. The hearing signers appear to be intermediate between the deaf and hearing subjects, especially for the anterior lobule.
Pairwise t tests, which compare the left and right volumes within subjects, generally indicate that the AI scores reflect significant biases on a case-by-case basis (results not shown).
Discussion
The insula plays a key role in many complex cognitive processes. Given the great range of functions that involve the insula, one might predict that differences in any single cognitive domain would be unlikely to result in volumetric variation of the insula or one of its component lobules. Congenital deafness, however, represents a profound departure from the normative environment of brain development, and it may have multiple effects on different sensory and cognitive modalities (Bavelier et al., 2006) . Furthermore, in hearing signers, the acquisition of ASL as a first language in conjunction with spoken language may also influence brain structure. We found that significant variation in insula volume is associated with both hearing status and sign language experience: compared with either of the hearing groups, deaf subjects have a significant increase in the amount of GM in the left posterior insular lobule; both deaf and hearing signers have an increased volume of WM in the right insula compared with hearing nonsigners.
Before looking at the differences associated with deafness or sign language experience, two more general issues need to be addressed. First, our parcellation of the insular lobules indicates that the volume of the anterior lobule is approximately twice that of the posterior (Tables 1, 2 ). This ratio is similar to those reported in recent parcellations of the insula (Makris et al., 2006; Saze et al., 2007) . The second issue involves the strong rightward asymmetry we observed for all subject groups in insula WM volume (Table 4 , Fig. 3 ). We have observed this pattern in a larger normative sample of right-handed individuals, and discussed it at some length . It is important to note that comparing right and left insula WM volumes may be somewhat misleading because the mesial boundary of the insula ROI is defined as a line linking the anterior and posterior ends of the circular sulcus (as observed in a coronal plane), excluding the claustrum. Differences in the shape of the insular cortex could influence the amount of WM (i.e., the proportion of the extreme capsule located between the insula and claustrum) included in our insula ROI. That said, we suggest that the WM asymmetry results do indicate an asymmetry in the anatomy of the insula.
In a diffusion tensor imaging study, Cao et al. (2003) reported that the relative anisotropy of water diffusion is markedly higher in the left subinsular WM compared with the right; they suggest that this may reflect a difference in the orientation and organization of white matter fiber tracts in the subinsular region. Whatever its exact cause or function [Cao et al. (2003) relate it to language], it likely reflects a marked asymmetry in the insular white matter. Cao et al. (2003) did not find an asymmetry in subinsular WM volume, which they defined as all the WM between the insular cortex and the putamen; this was a more expansive definition of the insula WM than the one we used. There may be differences in the distribution of WM in the external and extreme capsules surrounding the claustrum, which could explain why we found an asymmetry, whereas Cao et al. (2003) did not. Even in the context of this asymmetry, we found increased WM volume in the right insula of the deaf and hearing signers compared with the hearing nonsigners. Thus, although left-right differences in WM volume should be regarded with caution, we (117) 640 (172) 616 (109) GM, Gray matter; WM, white matter.
suggest that unilateral between-group differences may reflect real volumetric changes. Recent functional imaging studies have shown that the insula plays a role in multimodal sensory integration, which is not surprising given its extensive connections to sensory processing regions of the cortex (Augustine, 1996) . Simple audiovisual binding tasks have been shown to activate the insula bilaterally (Bischoff et al., 2007) and the left claustrum region (Olson et al., 2002 ; the claustrum shares the white matter fiber tracts of the extreme capsule with the insula). The right insula/claustrum region was recently found to be activated in an audiovisual binding task that required conceptually relating a sound with a visual stimulus (Naghavi et al., 2007) . This may be particularly relevant to the kind of cross-modal binding necessary in sign language. Naghavi et al. (p. 79) write: "Our findings indicate that the role of the claustrum/insula in [multisensory integration] . . . involves integrative processes that require analysis of the content of stimuli." The insula is also implicated in tactile-vestibular integration (Bottini et al., 1995) . It is important to note that spatial resolution of functional imaging methods generally cannot distinguish between insula or claustrum activation, which is unfortunate given that cytoarchitectonic studies suggest that despite sharing some connections, the two structures are developmentally and functionally distinct (Mufson and Mesulam, 1982) .
Studies of visual-tactile integration have shown activation in the insula, albeit on different sides. Left insula activation was found in a study in which flat three-dimensional shapes were either felt by hand or viewed on a computer monitor (Banati et al., 2000) , whereas right insula activation was observed in a task that involved feeling or viewing three-dimensional spheroids (Hadjikhani and Roland 1998) . Sign language production can be regarded as a concept rich, visuotactile task, in which proprioceptive, tactile (contact with the body), and visual information must be integrated. Based on functional studies, such integration could be expected to engage the right insula, among other areas. In addition, the production of spatial language by both deaf and hearing signers engages right parietal cortices to a greater extent than for English speakers, which is hypothesized to be caused by the analog use of signing space to express spatial information (Emmorey et al., 2002 (Emmorey et al., , 2005 ). Thus, it is possible that signers may have different right hemisphere networks compared with speak- ers because of the unique use of space in sign language. Our finding of increased WM volume in the right insula of signers is consistent with a model of developmental enrichment, possibly leading to localized enhanced neuronal connectivity, resulting from the acquisition of ASL from an early age. Further functional imaging studies using appropriate, sign language-related tasks could confirm whether the right insula is an exceptionally important area for monitoring or integrating visual-motor aspects of sign language production. We found that the GM of the left posterior insular lobule was increased in size in the deaf subjects compared with the two hearing groups. It is not clear why auditory deprivation would lead to increased gray matter in the insula. However, it is possible that deaf individuals' increased reliance on speech reading and/or their distinct speech might lead to an increase in cortical growth within the left posterior insula. MacSweeney et al. (2001) report activation in the left posterior insula for lip-reading for deaf but not for hearing individuals. The left insula has also been implicated in phonological processes in speech production (e.g., Blank et al., 2002; Shafto et al., 2007) . Deaf individuals may recruit the left insula to a greater extent than hearing speakers because they rely more on visual-motoric representations of spoken phonology than on acoustic representations (e.g., Leybaert, 1993) . Given that the posterior insula is primarily involved in somatosensory, visual, and motor functions (Makris et al., 2006) , we speculate that differential reliance on visual and motor aspects of spoken language for deaf individuals is what leads to differences in gray matter volume in the left posterior insula. Our study has some limitations. First, the large number of functions involving the insula provides many potential confounds for interpreting structurofunctional relationships. For example, the left insula is activated in a phonological working memory task in fully bilingual individuals but not in individuals whose second language expertise is measurably less than their first language (Chee et al., 2004) . This means that bilingualism itself may affect the insula, and the only native bilingual group in our study is the group of hearing signers. Similarly, other group differences such as reading experience or visual attention might contribute to the observed anatomical differences within the insula. Second, the groups in our study are relatively small, particularly the hearing signers. Third, the delineation of the white matter of the insula including all of the extreme capsule, which by necessity we have to do, may include fiber tracks that are not directly related to the insula.
We have demonstrated that there are statistically significant volumetric differences in the GM and WM of the insula associated with hearing status and sign language experience. Given the wide range of cognitive functions in which the insula has a role, the interpretation of these differences is not straightforward. Nonetheless, based on the results from several functional imaging studies, we hypothesize that increased WM volumes observed in the right insula of deaf and hearing signers may be caused by enhanced connectivity in this region resulting from the increased reliance on cross-modal sensory integration in sign language compared with spoken language. We also suggest that increased GM volume in the posterior insula of deaf subjects could be related to reliance on visual speech reading and/or with more articulatory-based phonological representations of speech. These hypotheses can be tested with more detailed structural anatomy 
